An exponential dependence of the photoconductivity on the surface photovoltage at GaN layers is predicted theoretically and confirmed experimentally. The prediction is based on the assumption that the material is mainly an ordered polycrystal, consisting of columnar grains. Accordingly, transport is expected to be limited by potential barriers at the grain boundaries, arising from the charge trapped at grain-boundary defects. The observed exponential dependence provides evidence that strongly supports the model by establishing a direct link between the bulk conductivity and the surface potential barrier. The same model is shown to successfully explain several other defect-related findings as well.
In recent years, technological breakthroughs in GaN growth, doping, and contacting technologies have resulted in numerous devices, notably the blue GaN-based laser. 1 Progress, however, is still challenged by a high density of defects. 2 A typical finding is a columnar grain structure often observed in cross-sectional micrographs. 2 The effect of grain boundaries on transport in other semiconductors, especially polycrystalline Si, has been extensively studied. 3 It is widely accepted that trapped charge at grain-boundary interface states leads to the formation of potential barriers and depletion regions, as shown schematically in Fig. 1 . These potential barriers resist intergrain transport, a hypothesis successfully used for explaining Hall 4 and ion-implantation 5 experiments in GaN films. If this mechanism is in effect, it can inclusively explain several intriguing transport-related phenomena observed at GaN layers, such as: ͑i͒ a persistent and nonexponentially decaying photoconductivity ͑PC͒, 6, 7 ͑ii͒ a huge ultraviolet gain of GaN-based photodetectors, 8, 9 ͑iii͒ in ion-implanted films, a highly superlinear decrease of film conductivity with increasing implanted ion dose, 5 and ͑iv͒ an increasing mobility with increasing carrier concentration, rather than the usual decrease. 4 In this paper, we present more direct evidence for grain-boundary limited transport in GaN, using surface photovoltage and photoconductivity measurements. We then rationalize the above-mentioned transport phenomena.
Assuming a thermionic emission over a barrier and a small applied bias ͑i.e., an effective bias much smaller than the thermal voltage across each grain͒, barrier-limited transport is characterized by an exponential dependence of the conductivity, , on the average grain-boundary barrier height gb 3,10
where 0 is a proportionality coefficient, q is the ͑absolute value of the͒ electron charge, k is the Boltzmann constant, and T is the temperature.
To directly establish the applicability of Eq. ͑1͒ to our case, one needs to modify and measure the potential barriers at the grain boundaries. The latter can be conveniently modified by the photovoltaic effect, i.e., gb ϵ gb 0 Ϫ⌬ gb , where gb 0 is the potential barrier in the dark, and ⌬ gb is the photoinduced lowering of this potential barrier. Equation ͑1͒ can therefore be expressed as ϭ 0 exp͑Ϫq gb 0 /kT͒exp͑q⌬ gb /kT͒. ͑2͒
Practically, an illumination-insensitive shunt component sh may be observed, especially because light chopping was avoided in the experiment given below. 11 In addition, transport across potential barriers is not always strictly thermal, and transport measurements involve averaging over potential barrier inhomogeneities. Therefore, it is common practice to introduce a transport-related ideality factor 12 t so that Eq. Unfortunately, while gb is easily modified, a direct measurement of ⌬ gb is a nontrivial task. 13 If, on the other hand, gb can be related to the surface potential barrier s , this problem can be circumvented, because the surface potential can be both controlled and monitored by the surface photovoltage ͑SPV͒ technique. 14, 15 To obtain such a relation, we now solve the Poisson equation under the depletion approximation. 3, 16 From charge conservation considerations, we obtain
where Q s (Q gb ) and w s (w gb ) are the surface ͑grain boundary͒ trapped charge density and space-charge region width, respectively, and N d is the doping level of the layer. The factor of 2 difference between the right-hand sides of Eqs. ͑4a͒ and ͑4b͒ arises because the surface-trapped charge supports one space-charge region ͑SCR͒, whereas the grainboundary trapped charge supports two SCR's ͑one on each side of the boundary͒. Solving the Poisson equation to relate the potential barriers to the grain-boundary heights, we obtain
where is the permittivity of the film. Finally, inserting Eq. ͑4͒ in Eq. ͑5͒ we obtain
If the defect state density and energy distribution at the free surface are the same as those of the grain boundary ͑an assumption which is corroborated below͒, then Q s ХQ gb , and Eq. ͑3͒ yields s ϭ4 gb , ͑7͒ which leads to:
where I is an illumination-related ideality factor. 17 ⌬ s is, by definition, equal to the SPV.
14 Combining Eqs. ͑3͒ and ͑8͒, we obtain an explicit relation between the conductivity and the SPV (ϵ⌬ s ) measured under identical conditions:
where ϵ t I is the overall ideality factor. Equation ͑9͒
provides for our main prediction: if the surface and grainboundary defect structures are similar, grain-boundary limited transport implies an exponential relation between the conductivity and the surface potential barrier. 18 To test this prediction, PC and SPV measurements were performed on various GaN layers, under identical illumination conditions, as well as photoluminescence ͑PL͒ measurements. All samples studied in this work were grown using metal-organic vapor-phase epitaxy on ͑0001͒-oriented sapphire substrates. 19 Soldered In contacts, used as Ohmic contacts, were verified to be Ohmic using current-voltage measurements. For eliminating any residual contact resistance effects, a four-contact arrangement was used. 6 Here we present results obtained from three representative samples, denoted 1-3 below. The sample thicknesses were ϳ0.2 m ͑1͒ and ϳ3 m ͑2 and 3͒. The samples exhibited an n-type conductivity corresponding to an unintentional doping level of nϳ5ϫ10 17 cm Ϫ3 . Persistent PC and SPV behavior were observed in all samples studied. A typical example is given in Fig. 2 , which features the illumination switch-on and switch-off PC and SPV responses to illumination by 2.5 eV photons. PC ϭ f (SPV) curves were constructed using pairs of PC and SPV values, corresponding to the same time after illumination switch-off. The resulting curves are shown in Fig. 3 . All three samples indeed feature the exponential dependence predicted in Eq. ͑9͒, with overall ideality factors ranging from 1.17 to 1.78.
Prima facie, Fig. 3 provides a quantitative confirmation of the prediction made in Eq. ͑9͒, and therefore strongly corroborates the model given. For obtaining additional insight into the model, we now turn to discussing the nature of the similarity between surface and grain-boundary states. We then discuss how these states are related to the persistence of the SPV and PC, respectively. Independent measurements using PL, PC, and SPV spectroscopies are shown in Fig. 4 . The PL spectra ͓Fig. 4͑a͔͒ feature a band-gap-related peak at ϳ3.4 eV ͑to which these spectra have been normalized͒. In addition, they feature a broad sub-band-gap peak, centered at ϳ2.2 eV. This is the well-known ''yellow luminescence'' ͑YL͒ peak, resulting from defect states, shown to be distributed ϳ2.2 eV below the conduction-band edge. [19] [20] [21] As shown in Fig. 4a , the samples chosen for this study exhibited varying ratios of YL to band-edge emission, so as to ascertain the general nature of our conclusions.
A band-gap-related peak at ϳ3.4 eV is also observed at the PC spectra ͑Fig. 4b͒. Here, a peak ͑rather than a ''knee''͒ is observed because at photon energies exceeding the band gap, the absorption coefficient increases considerably, and most photons are absorbed in a thin near-surface layer. Thus, many generated electron-hole pairs are lost to surface recombination, and the net excess carrier is decreased rather than increased. 22 This confirms that we have indeed probed the bulk photoconductivity rather than the surface one. In the sub-band-gap energy range, the PC data feature a significant signal starting at ϳ1.6 eV, i.e., at the onset of the YL. Moreover, the magnitude of the yellow response in the PC spectra increases with increasing yellow response in the PL data. Indeed, it was previously established that PC probes the yellow absorption. 6 This absorption involves the transition inverse to that of the YL, i.e., the excitation of electrons from the deep state into the conduction band.
A band-gap-related feature at ϳ3.4 eV is also observed in the SPV spectra ͓Fig. 4͑c͔͒. However, because SPV probes a surface quantity, this band-gap-related feature is typically observed as a knee rather than a peak.
14 Just like the PC data, the SPV data also feature a significant signal starting at ϳ1.6 eV, which correlates with the PL data. Therefore, SPV also probes the yellow absorption. However, whereas PC is by nature a bulk-sensitive tool, SPV measurements of such GaN layers are sensitive to states situated at the free GaN surface. 19 The SPV and PC data are easily reconciled if one assumes that the YL-related states are not homogeneously distributed in the bulk but rather are situated primarily at grain boundaries, as well as in other extended defects. Indeed, YLrelated states have been assigned to extended defects and grain boundaries. 2, 23, 24 The similarity of the SPV and PC results therefore suggests that, in this case, the free surface may be considered a special case of a grain boundary. From this point of view, the defect energy distributions at the grain boundaries and at the free surface should be comparable. Thus, the assumption Q s ХQ gb leading to Eq. ͑9͒, is plausible a priori and not only justified a posteriori by the results of Fig. 3 . Moreover, we can use the SPV magnitude as a lower limit for the surface potential 17 and divide the result by 4 to obtain an estimate for the grain-boundary barrier height. This yields a highly reasonable value that is of the order of 150 meV to 250 meV, depending on the sample.
Recent studies have shown conclusively that the persistent PC is associated with the YL-related states. 6, 7 For this reason, yellow, 2.5 eV photons were used as the illumination source in this study. The relation between the YL and the persistent PC is easily interpreted within the framework of the grain-boundary limited transport model. First, we have previously shown that the YL-related defects are of an acceptor nature and are negatively charged in equilibrium. 19 If these states are present at the grain boundaries of an n-type material, their negative charge will induce grain-boundary potential barriers that resist lateral conductivity. Discharging these states induces a conductivity increase, brought about by lowering the barriers. Such a discharge may take place when the film is illuminated at a photon energy sufficient to excite electrons from these states into the conduction band ͑i.e., yellow illumination͒. This is because the excited electrons are swept into the grain by the electric field of the SCR. When the illumination is switched off, electrons from the bulk can only use the thermal energy in order to surmount the remaining potential barrier, refill the grain-boundary states, and resume their equilibrium distribution. Furthermore, during this process the barrier height, and consequently the trapping process lifetime, progressively increase, resulting in a persistent PC.
The same model further predicts that persistent PC behavior must be accompanied by persistent SPV behavior, as indeed observed in all samples, due to a similar excitation of YL-related states situated at the free surface. Moreover, the SPV decay is expected to be slower than that of the PC, because the surface potential barrier that electrons must surmount is higher than that at the grain boundary ͓Eq. ͑7͔͒. Indeed, a slower decay of the SPV, with respect to that of the PC, is apparent in Fig. 2 .
We note that in a different model persistent PC in GaN films has been related to metastable states induced by large lattice relaxations. 25 Interestingly, while this mechanism is highly plausible, in light of what is known for other III-V compounds, 26 Fig. 2 rules out its dominance for the films studied here. The surface potential and the bulk doping are inversely related ͓Eq. ͑6͔͒. Therefore, had the persistence of the SPV been associated with a persistent increase in bulk doping, the time constant associated with the PC and SPV decays would have been the same. This is clearly not the case here. Indeed, Lang noted that even in III-V alloys, where persistent PC due to metastable states is well known, persistent PC due to macroscopic potential barriers, if present, ''cannot be dismissed lightly.'' 26 The model we have corroborated can also account for the other transport phenomena listed above. The huge ultraviolet gain can be related to a sharp increase in the effective carrier mobility, brought about by the photoinduced reduction of gb ͓Eq. ͑1͔͒. 27 The highly nonlinear dependence of the conductivity on implantation dose can be brought about because the implantation causes a decrease in the effective bulk doping due to a controlled introduction of defects. 5 This increases gb ͓Eq. ͑6͔͒ and therefore reduces exponentially ͓Eq. ͑1͔͒. Finally, the same increase of gb with decreasing effective doping can explain the decrease in effective mobility with decreasing doping level. 4 In conclusion, we have presented a model for grainboundary controlled transport, according to which transport is limited by potential barriers associated with grain boundaries. The similarity of the defect energy structure at the free surface and at the grain boundary of GaN layers allowed us to use the free surface potential as an indicator of the grainboundary potential. This allowed for significant experimental support of the model, obtained by observing a persistent surface photovoltage behavior and an exponential dependence of the photoconductivity on the surface photovoltage. These findings provide significant qualitative and quantitative evidence, respectively, in support of the model.
